Abstract: Neuraminidase (NA) is an enzyme coded for by the genome of influenza critical for its pathogenicity and survival. Three currently accepted roles for this NA in promoting influenza virulence are: 1. NA cleaves newly formed virus particles from the host cell membrane. Without NA, newly formed virus would remain attached to the cell within which it was produced. 2. NA prevents newly released virus particles from aggregating to each other, preventing clumping that would reduce dissemination. 3. NA promotes viral penetration of sialic acid-rich mucin that bathes and protects respiratory epithelium through which the virus must spread and replicate. We outline here previous research evidence of two further, albeit hypothetical, functions of NA that together could cause disruption the mucosa-IgA axis, creating localized partial immunosuppressed state, enhancing both influenza infection itself and secondary bacterial pneumonia: 4. IgA provides primary immunoglobulin defense of mucosal surfaces. The hinge region of IgA is normally sialylated. IgA denuded of sialic acid is recognized, bound, and cleared by hepatic asialoglycoprotein receptor (ASGPR). Thus, IgA exposed to free NA would be so denuded and have increased hepatic clearance. 5. NA removes sialic acid moieties from mucosa-residing gamma/delta T cells or IgA producing B cells. Previous work indicates desialylation of these lymphocytes' outer cell membrane results in altered homing, to bone marrow, away from mucosa. Currently marketed NA inhibitors oseltamivir (Tamiflu) and zanamivir (Relenza) are FDA approved in USA for influenza prophylaxis and treatment. These NA inhibitors lower incidence of secondary bacterial infection in cases where an influenza infection occurs despite their use. Moreover, they are ameliorative in patients with secondary bacterial infections treated with antibiotics, a benefit that Vol. 12. No. 1. 2007 CELL. MOL. BIOL. LETT. 112 surpasses the treatment of antibiotics alone. We interpret these last two points as indicating our ascription of localized immunosuppression to influenza's NA could be correct and lead to new treatments of infections generally.
INTRODUCTION
This paper reviews three established roles of viral coded neuraminidase (NA) in mediating influenza infection and points out evidence for two further unproven but possible pathogenic functions of this enzyme, not previously described, that lead to a localized lung mucosa immunosuppression. Influenza [recently reviewed in ref. 1 ] is a single stranded RNA virus, member of the orthomyoviridae family. It remains one of the most significant infectious diseases in the world today with over a billion people infected each year. Moreover, influenza and secondary pneumonia consequent to it represent the sixth leading cause of death in the United States for example, with approximately 36,000 deaths and 114,000 hospitalizations every influenza season in that country alone. It is therefore important to understand the mechanisms of influenza's survival strategies, how it infects cells and how it disrupts host immune responses to itself. Two NA inhibitors: oseltamivir (Tamiflu) and zanamivir (Relenza) are currently marketed to treat and/or to prevent influenza infection. Evidence that they reverse or partially reverse influenza's lung mucosa immunosuppresion will be presented here. We outline how influenza's NA could hypothetically mediate in a subset of infected individuals, development of IgA nephropathy (IgAN). NA inhibitors would be potentially effective elements of treatment for IgAN should the conjectures of this paper prove to be correct.
ROLES OF HAEMAGGLUTIN AND NEURAMINIDASE
On the surface of influenza viruses are two glycoproteins: Haemagglutinin (HA) and NA. Both critical to the spread of the virus. HA initiates virus binding to receptors on the surface of host cells and promotes fusion of virus and host cellular membranes. Viral RNA is thereby able to penetrate the cell. Replication ensues not long thereafter. NA is mechanistically central to influenza's infective potential in several ways. The currently accepted view of the roles of influenza's NA includes three distinct functions: 1. NA cleaves the cellular-receptor sialic acid residues to which newly formed virions are attached [N-acetyl-neuraminic acid (NANA) and sialic acid are synonyms]. This cleavage releases the newly formed viruses from the cell and allows them to freely invade new cells [1] .
2. NA prevents the newly formed virions from binding to one another [3] [4] [5] [6] . This ensures that the produced virus does not aggregate. By diffusing widely instead of clumping together, influenza virus maximizes its chance of infecting more cells. 3. Mucin that forms a barrier over epithelial cells of the airway is rich in sialic acid moieties. NA facilitates influenza's ability to penetrate through this obstacle, thus enhancing infectivity [1] [2] . Below is listed enough preliminary research evidence to permit hypothesizing existence of two further functions of NA in influenza, elegantly, both of them would contribute to a lung mucosa localized immunosuppression, should they prove to be true. 4 . Because serum protein electrophoresis shows IgG the quantitatively predominant immunoglobulin, it is surprising for clinicians to realize that for the body as a whole more immunoglobulin A (IgA) is synthesized than IgG. Fully 70% of the body's plasma cells are dedicated exclusively to IgA production [7] . This attests to the importance of mucosal protection and the relative weighting of attack that the body faces. IgA is produced on mucosal surfaces (e.g., gastrointestinal, respiratory, urinary tracts) and is thought to provide a first-line of defense against foreign antigens. IgA's hinge region covalently binds sialic acid. When IgA's hinge region is fully sialylated, it circulates freely and is cleared slowly. If exposed to NA, sialic acid will be removed from IgA's hinge region, consequently disrupting the normally existing homeostasis of IgA in the host. Thus, removal of sialic acid moieties from IgA molecules results in IgA becoming a ligand for the liver's asialoglycoprotein receptor (ASGPR) [8] , increasing IgA clearance from the body. The result would hasten the removal of influenza-directed IgA molecules, weakening the body's anti-influenza defense. For this mechanism to operate mucosal IgA and circulating IgA would have to equilibrate, data on IgA trafficking that we do not yet have. 5. The mucosa-IgA axis normally results from IgA secreting B-cells that are under the control of gamma-delta T cells. Only 5% of circulating T lymphocytes are gamma-delta T cells. However, they represent up to 15% of small intestine mucosal and up to 40% of large intestine mucosal T-cells [9] [10] [11] . If NA removes sialic acid moieties from the surface of either gammadelta T cells or mucosa-residing B cells, this will disrupt the mucosa-IgA axis. Crucially, desialylation of surface receptors on the outer cell membrane results in shifting lymphocyte homing from mucosa to bone marrow [12] [13] [14] . Thus NA may enhance virus survival by tending to depopulate the mucosa of IgA secreting lymphocytes. Direct experimental evidence showing that influenza's NA actually does these last two points is missing but there are several parallels with previously recognized examples of IgA desialylation by bacterial NA: A. Oral viridans type streptococci contribute to human dental plaque. They have significant NA and protease activity that specifically recognizes the terminal sialic acid of the glycosylated side chain at the IgA hinge region (the NA) and the desialylated IgA hinge region (the protease) [15] . Due to steric hindrance the hinge region is somewhat resistant to proteolytic cleavage, becoming significantly less resistant after desialylation. Importance of hinge region sialic acid for resistance to proteolytic cleavage was first postulated in 1974 [16, 17] being confirmed many times since [15, 18] . Reinholdt et al. suggested in 1990 that oral streptococci use neuraminidase/protease to weaken IgA mediated immunity directed to them. In the current paper we suggest that influenza NA weakens secretory immune responses similarly: NA removes sialic acid from the IgA hinge region, removing the steric hindrance that sialic acid confers, and leaves it denuded. Instead of proteolytic cleavage, influenza relies on hepatic ASGPR recognition of the newly exposed IgA hinge region, and removes it from the circulation. In this way, influenza virus (NA activity and subsequent ASGPR recognition and clearance) parallels streptococci viridans (NA activity and subsequent proteolytic activity). B. During streptococcal pneumonia, mucosal IgA is seen bound to these bacterias' outer cell membrane [19] . As infection progresses, IgA is seen to be progressively less sialylated [19] . In addition to degradation of IgA integrity, the desialylation of other defensive proteins as well is believed to enhance this bacteria's survival. Sialic acid's role in protection and maintainance of circulating and mucosal IgA is extensively reviewed in ref. 18. Our conjecture that influenza's NA alters lymphocyte homing away from mucosa, favoring marrow, has not been well documented but post translation addition to or subtraction of sialic acid on lymphocyte surface glycoproteins has been wellrecognized as one of the central mechanisms directing lymphocyte homing patterns [20] .
LOCALIZED IMMUNOSUPPRESSION
Desialylation of IgA [Points 4 above] and NA mediated lymphocyte homing shift away from mucosa [Point 5 above] would result in a localized partial immunosuppressed state in the lung, mitigating the body's natural system of guarding from infection by interfering with the mucosa-IgA axis. Note the potential synergy between NA-mediated anti-influenza IgA depletion (point 4 above) and NA-mediated mucosa depopulation of IgA-synthesizing lymphocytes (point 5 above). Disrupting production of IgA in this manner increases influenza's infective and survival potential. It would also leave the body vulnerable to other infective agents: It is understood that a synergism exists between influenza virus and bacterial pathogens [21, 22, 23] . However, mechanisms underlying them remain unclear [24] . Disruption of the host's IgA-mucosa axis, as outlined here, may account for this synergy. Moreover, it would explain the ameliorative effect NA inhibitors have compared to antibacterial use alone in cases of bacterial pneumonia secondary to an influenza infection [24, 25] . In addition, NA inhibitors used in the treatment of influenza alone have been shown to reduce the incidence of secondary bacterial pneumonia, and the subsequent need for antibiotics was lowered even when influenza itself was not prevented [26] [27] [28] [29] . The work of McCullers et al. [25, 30, 31] show empirical evidence of lung localized partial immunosuppression during influenza infection and that this immunosuppression correlates directly with a given influenza strain's NA activity [25, 30, 31] . Limits of clinical resistance to oseltamivir and zanamivir are likely given the central function of NA to mechanics of influenza replication and dissemination in vivo. Though highly conserved, mutation of the viral NA's active site does occur, preventing the NA inhibitors from binding to it, but significantly reduced virulence is commonly seen to be a clinical concomitant [32, 33] . Altered viral NA has correspondingly reduced ability to remove sialic acid, commonly resulting in reduced viral release from host cells, and ultimately lower infectivity [32, 33] . Historically different strains of influenza express differing amounts of NA, and that strains with higher NA amounts have higher frequency of secondary pneumonia and considerably higher mortality than strains with low amounts of NA activity [30] . Alternatively, resistance to NA inhibitors may occur by another route: The HA molecule may mutate becoming less adherent to sialic acid residues, reducing the dependency of the virus on NA to release it from the host's cells. However, the reduced affinity of HA for sialic acid results in a virus that also can no longer bind to host cells as readily, undermining its capacity to initiate infection. NA inhibitors, like many great drugs, act through multiple interrelated mechanisms that enhance their efficaciousness.
WIDER IMPLICATIONS
IgAN is the most common primary cause of glomerulonephritis in the world today. Classically, it presents with fatigue, rising creatinine, microscopic hematuria, and a history of upper respiratory infection (URI) [34] . Although certainly unproven, we conjecture that the URI is a result of influenza or other virus whose NA hastens the removal of IgA by ASGPR but in the process expose excess amounts of IgA to beta-galactosidase. IgA's hinge sialic acid moieties are attached to the IgA via the intermediary beta-galactose. IgA minus sialic acid moieties and then minus its beta-galactose is not recognized by hepatic ASGPR, resulting in formation of circulating immune complexes. Excess IgA ultimately deposits in/on glomerular mesangial cells in the kidney causing inflammation, scarring, and decreased renal function. IgA nephropathy (IgAN) in general, and certain histological subtypes in particular show abnormally increased desialylated IgA species in circulation, believed to be of pathological significance to its glomerular deposition [35] . Specifically, the spectrum of IgA nephropathy biopsies range from mild or no visible changes to Vol. 12. No. 1. 2007 CELL. MOL. BIOL. LETT. 116 extensive inflammation, mesangial expansion, and glomerularsclerosis. And the degree of pathological abnormalities seen is proportional to desialylated IgA, implicating the degree of desialylation of IgA to inflammation and glomerular injury. Viral NA may also cause a weighting shift of production of IgA from mucosa to bone marrow prominence by removing sialic acid moieties from mucosaresiding gamma/delta T cells or from B cells that result in their homing to the bone marrow [11] [12] [13] . By treating IgAN with NA inhibitors as has been suggested [36] , it may be possible to prevent the abnormal IgA (denuded of sialic acid and beta-galactosidase) from ever forming in the first place. Theoretically, this would arrest the illness before any deposition in the mesangium ever occurred. And for the millions worldwide who suffer from IgAN, NA inhibitors with its high threshold of tolerability and low side-effect profile, could represent an effective treatment, even without antecedent or concurrent influenza.
CONCLUSIONS
Intact functional NA is critical to the infectivity of influenza. The currently accepted roles for NA include: 1. mediating release from host cells, 2. penetration of virus particles through sialic acid-rich mucin bathing epithelial linings of the respiratory tract, and 3. preventing newly-formed virus particles from clumping, enhancing dispersal. We recount in this paper preliminary evidence that two additional functions for NA exist: 4. enhancing the removal of IgA by the hepatic ASGPR, and 5. depopulating the mucosa of either residing gamma/delta T cells or IgA producing B cells. These actions would create a local immunosuppressed state in the lung and might explain the high incidence of secondary bacterial pneumonia, common in influenza infections. Moreover, this would be consistent with: 1. the reduced incidence of secondary bacterial infections when influenza is treated with NA inhibitors alone and 2. the ameliorative effect seen when NA inhibitors are used in addition to antibiotics in cases of bacterial pneumonia secondary to influenza infection, a benefit that surpasses that of antibiotic use alone. NA may also be a critical part of the pathogenesis of IgAN, and NA inhibitors may represent a safe, and potentially efficacious treatment.
